Classical descriptions of gut development specify subdivision into foregut, midgut, and hindgut together with their derivatives. This is based on the anatomical localisation of the anterior and posterior intestinal portals separating the roof of the yolk sac from the foregut and hindgut diverticulae. When considering the molecular basis of intestinal differentiation, it is necessary to think in terms of the genes involved, and in this respect those containing the homeobox motif are important players in specifying the fate of both the endodermal and mesodermal components of the gut. In this review, evidence is considered for their role, with particular regard to the acquisition of positional information. 
C
ells which make up a multicellular organism are subject to constraints that are not imposed upon their protozoan counterparts. In addition to coding for proteins concerned with structural and narrowly functional properties, the DNA of these cells must include genes that impart positional information. This makes possible the complex cell movements that are required for the assumption of form and allows diverse temporally regulated interactions between shifting populations of cells to take place. The latter are necessary for the inductive processes which occur as the organism increases in complexity and result in the hierarchical expression of genes regulating cellular differentiation. The basic mechanisms involved are well illustrated in Drosophila because, compared with higher chordates, this invertebrate retains much of the segmental pattern of more primitive organisms. Thus the definitive anteroposterior pattern of the fly is achieved in stages. Initially, genes of maternal origin transcribe mRNA sequestered in the cytoplasm of the ovum. This is followed by the sequential action of segmentation genes known as gap genes, pair rule genes, and segmental polarity genes. These establish segmental periodicity while the identity of individual segments is specified by homeotic selector genes. The latter are examples of a much larger group of genes containing a conserved "homeobox" sequence coding for a DNA binding homeodomain and thus active as transcription factors. Those that are concerned with axial patterning are clustered in the HOM-C complex and exhibit spatial colinearity-that is, the sites of gene expression along the body axis reflect the relative chromosomal order of the genes. The HOM-C complex has its counterpart in all higher species. In mammals, exemplified by the mouse, it is represented by the Hox 1 system consisting of four clusters, Hox-a, Hox-b, Hox-c, and Hox-d, that appear to have arisen by a two step reduplication from an ancestral complex common to mammals and flies. 2 There are 13 potential gene sites on each cluster but none contain a gene at every potential locus (fig 1) . Patterns of gene expression in paraxial and lateral plate mesoderm, neural tube, neural crest, hindbrain, and branchial arches demonstrate that spatial colinearity is maintained; in addition, the relative timing of gene expression in a craniocaudal direction also reflects the order of the genes on the chromosome (temporal colinearity). 3 Apart from the Hox clusters, many so-called "dispersed" homeobox genes exist in mice and humans. It is probable that these arise by reduplications that have been transposed away from the Hox cluster and often perform functions other than or additional to coding for positional information. Some form a so-called Para-Hox cluster 4 which is thought to be an ancient paralogue of the Hox cluster-both having arisen from a putative ancestral Proto-Hox cluster. ParaHox genes exhibit colinearity in neural tube and gut endoderm where they also seem to be associated with craniocaudal patterning. In mammals, the cluster consists of Gsh1, Pdx1, and Cdx2 but possibly others await definition.
HOMEOBOX GENE EXPRESSION IN THE GUT
Genes belonging to the Hox cluster are expressed in a colinear manner along the length of the lateral plate mesodermal component of the gut during development. 5 Deschamp et al describe three stages of Hox gene expression in the mouse. 3 The process is initiated in the posterior part of the primitive streak in late streak stage embryos. Expression then spreads anteriorly in sequence for individual Hox genes to involve the cells in the anterior part of the streak and Hensen's node. This extension is not due to clonal expansion but takes the form of a spreading wave. As the expression domains of various Hox genes "arrive" at the anterior region of the streak at different times, this results in linear expression of positional information along the anteroposterior axis as well as in the components of the lateral plate mesoderm which make up the mesodermal tissues of the gut and associated viscera. Thereafter, further expression of Hox genes is clonally transmitted by the progeny of cells originating in the streak. Finally, mechanisms that maintain and in a sense "lock in" homeobox gene expression become operative to ensure continued spatial fidelity of expression. In Drosophila, the polycomb, trithorax, and brahma group of genes serve this purpose and their homologues have been identified in vertebrates.
Dispersed homeobox genes belonging to the Nkx group are also differentially expressed in specific mesodermal regions of the gut. As yet the picture is not clear and may vary between species but it has been suggested that they influence epithelial growth and differentiation through target genes coding for secreted growth factors such as those of the BMP family. 6 "Genes belonging to the Hox cluster are expressed in a colinear manner along the length of the lateral plate mesodermal component of the gut during development" Although Hox and Nkx genes are strongly expressed in intestinal mesoderm during development, they do not feature prominently in the endodermal layer caudal to the stomach mucosa. There are a few exceptions, principally involving the endoderm of the cloacal region where Hoxd13 (as well as Hoxa13 in the chick) is expressed in the endoderm as well as in the underlying mesoderm, possibly in response to Sonic hedgehog. There is also report of Hoxa 8 expression in the small and large intestinal endoderm while numerous Hox genes are expressed in the endodermal layers of the stomach and oesophagus. Accounts of Hox gene expression sites in the gut are summarised by Sekimoto and colleagues 7 and by Beck and colleagues. 5 By contrast, two members of the Para-Hox group are strongly transcribed and translated in the postgastric intestinal epithelium during the greater part of gestation and in the adult mouse. Pdx1 expression 8 begins at 8.5 days of gestation in the dorsal cells of the gut. At nine days it is restricted to the presumptive duodenal region and to the cells of the dorsal (and later also the ventral) pancreatic bud. By 13.5 days virtually all of the endodermal components of the pancreatic duct and the pancreatic primordial produce Pdx1 but as development proceeds gene expression is largely restricted to the beta cells of the endocrine pancreas and to the epithelium of the duodenal villi. Cdx2 which is closely linked to Pdx1 on mouse chromosome 5 9 is also strongly expressed in the postgastric gut endodermal nuclei. 10 Initially it is expressed in the trophoblastic lineage and if it is inactivated implantation does not occur. Subsequently, expression in unsegmented paraxial mesoderm and the posterior neural tube enables the gene to play a part in axial patterning, possibly as a cis acting transaction factor responsible in part for the regulation of Hox gene expression. Cdx2 is a homologue of the Drosophila gene Caudal (Cad) and in the fly it is concerned with patterning of the posterior segments; an extended function in vertebrates may be connected to the fact that the genes of maternal origin and the segmentation genes (see above) are not greatly involved in axial specification and a greater role for Cdx2 in regulating Hox gene expression is thus conceivable. From day 12 of mouse gestation, Cdx2 expression is confined to the intestinal epithelium (fig 2) from a region just rostral to the hepatic diverticulum to the distal colon. In the adult, high levels of expression persist in the proximal colon gradually falling off in the ileum and jejunum cranially and in the distal colon caudally. The function of Cdx2 during development and in the adult is discussed below.
Two other Caudal homologues exist in vertebrates. In the mouse these are Cdx1 and Cdx4. They are not linked to the Para-Hox cluster but both are expressed in gut endoderm. Cdx1 is demonstrable in the primitive streak and at other sites during early mouse development 11 and has been shown to play a role in axial specification. 12 However, it is not seen in gut endoderm until day 15. 13 14 It is upregulated when developmental maturation of the gut occurs. 13 In the adult it is principally expressed in the intestinal crypts and it is possible that it is principally concerned with maturation of the stem cells in the intestine although no gut phenotype has been described in null mutant mice. 
as development proceeds to find later expression in the posterior neurectoderm, presegmental paraxial mesoderm, and lateral plate mesoderm. 15 This distribution, reminiscent of Hox expression, is suggestive of a role in axial specification similar to that described for Cdx1 and Cdx2 but the null mutant phenotype has not been described. Although no information concerning expression later in development is available, transcription of the gene in the endoderm of the hindgut suggests the possibility that it might (like Cdx2) be involved in gut lining specification.
EVIDENCE THAT HOMEOBOX GENES PLAY A ROLE IN GUT DEVELOPMENT
Individual gene expression at a specific site does not necessarily imply an important role in development. This can only be shown by demonstration of an abnormal phenotype resulting from over expression or null mutation of a gene. Even then, the considerable degree of redundancy arising from regular coexpression of two or more Hox gene paralogues in the same region of the gut serve to cloud the picture. Genetic redundancy can also extend in a linear manner making it necessary for several contiguous Hox genes to be inactivated in order to generate a recognisable gut phenotype. Furthermore, it must be borne in mind that anteroposterior gut specification is not as clear over relatively short distances as it is for the axial skeleton or the central nervous system. Histologically similar intestinal morphology extends over relatively large regions whereas individual rhombomeres or somite derivatives are more readily distinguishable from their neighbours. Considerable alteration of positional specification of intestinal segments might not exhibit an obvious phenotypic change.
"Genetic redundancy can also extend in a linear manner making it necessary for several contiguous Hox genes to be inactivated in order to generate a recognisable gut phenotype"
As might be expected, the results obtained following mutation or over expression of Hox genes affect mesodermal components of the gut although it is often not possible to anticipate the phenotype from a knowledge of wild-type gene expression. For example, Wohlgemuth and colleagues 16 reported megacolon in transgenic mice expressing a Hoxa4 transgene designed to produce normal Hoxa4 expression from a construct distinguishable from the wild-type. The result was a greatly extended region of Hoxa4 transcription leading to abnormal mesodermal development resulting in megacolon. Pollock and colleagues 17 used the regulatory sequence of Hoxa4 to drive a Hoxc8 transgene thereby expressing the gene more anteriorly than in the wild-type. This resulted in the development of multiple hamartomatous lesions in the gastric mucosa of the transgenic mice which the authors attribute to ectopic expression of Hoxc8. However, there are no reports of Hoxa4 (which was used to drive the transgene) expression in wild-type gastric epithelium although the gene is expressed in the mesodermal layers. Zakany and Duboule 18 produced mice in which Hoxd4 through to Hoxd13 were inactivated. The animals lacked an ileocaecal sphincter and showed abnormalities in the region of both the pyloric and anal sphincters. As mutation of single Hox genes within this series had no effect on the midgut, the authors concluded that several neighbouring Hox-d genes are required to make normal ileocaecal sphincters. However, Kondo and colleagues 19 have convincingly demonstrated that Hoxd12 and Hoxd13 mutants each lack normal anal sphincters leading to rectal prolapse while Boulet and colleagues 20 have shown that inactivation of Hoxc4 results in blockage of the oesophageal lumen and disruption of its musculature.
The general conclusion that Hox-d genes are involved in the development of intestinal sphincters while other paralogues have different functions in gut development mainly confined to the mesodermal layers seems justified.
The functional implications of expression of the Nkx group of genes in the intestinal mesoderm is of interest. It is illustrated by the observation that inactivation of Nkx2.3 results in delayed villous development followed by increased (possibly compensatory) growth of crypt cells and hyperproliferation of gut epithelium in adult mutants, principally affecting the jejunum. 6 These observations support the conclusion, discussed later, that mesodermal factors influence epithelial differentiation.
"Mesodermal factors influence epithelial differentiation"
As previously stated, Para-Hox genes are exclusively expressed in the gut endoderm during the later stages of development and null mutation of these result in phenotypes more clearly related to sites of embryonic expression than is the case with Hox genes. This may be because the absence of a complex series of paralogues minimises the possibility of redundancy and also perhaps because the small number of genes involved implies that each may influence large regions of the gut. Null mutation of Pdx1 results in pancreatic and duodenal abnormalities. 21 22 Pancreatic ducts begin to develop but fail to form a pancreas. The primordia lack insulin and amylase positive cells but glucagon expressing cells may be formed. The foregut region of the duodenal mucosa fails to form villi, remains lined by cuboidal epithelium, and lacks Brunner's glands. The extent of the abnormalities thus closely corresponds to sites of gene expression during development.
Chawengsaksophak et al made Cdx2 null mutant mice. 23 Homozygous Cdx2−/− embryos die at implantation and this correlates with early expression of the gene in the trophoblast. Heterozygotes display an anterior homeotic shift involving the axial skeleton and this is in keeping with early expression of the gene in the presegmental paraxial mesoderm. Most importantly, these animals have multiple polyp-like lesions with the highest frequency in the caecum, decreasing in incidence both proximally and distally but involving the whole of the intestinal region which expresses Cdx2 during development. Lesions do not occur elsewhere in the intestinal tract. Histologically, the polyps contain normal gastric mucosa ( fig  3) with villi and Paneth cells interposed proximally and distally between the stomach mucosa and the surrounding colonic epithelium. The gastric mucosa is arranged in an orderly array passing from stratified squamous epithelium of forestomach-type through mucous glands of the cardia to gastric glands of the corpus and finally to mucous antral-type cells as one passes both proximally and distally. 24 This phenotype represents an anterior homeotic shift in which intestinal epithelium has the character of a more rostral phenotype due to localised areas of Cdx2 haplo-insufficiency. The "default" state is forestomach epithelium which in the normal animal does not express Cdx2. Intercalary growth subsequently results in the orderly appearance of the appropriate tissue types to "fill in" the histological discontinuity between gastric and colonic epithelia. This is the only example of homeosis in the mammalian gut so far described and the first report of intercalary regeneration in mammals.
The Cdx1 gene has also been mutated. 12 Heterozygotes in this case are normal but homozygotes have an anterior homeotic shift involving the axial skeleton but no reported gut abnormalities. It seems therefore that overlap of function between Cdx1 and 2 occurs in the paraxial mesoderm but does not extend to the gut endoderm. No information concerning Cdx4 inactivation is available.
Accompanying the evolutionary formation of new structures, the function of existing genes is frequently extended to control processes unrelated to their original roles. A good example is provided by Cdx2. In the adult intestine there is evidence that Cdx2 binds to cis elements of genes coding for various digestive enzymes such as lactase-phlorizin hydrolase, 25 sucrase-isomaltase, 26 carbonic anhydrase, 27 and calbindin-D9K. 28 These only begin to be expressed after completion of morphological gut differentiation. The specialisation of Hox-d paralogues in the formation of gut sphincters discussed above is another example of such gene recruitment.
REGULATION OF HOMEOBOX GENES CONCERNED WITH GUT DEVELOPMENT
The mechanisms by which the colinearity exhibited by Hox genes expressed in the gut is established is not yet understood but the fact that control elements for individual genes are frequently embedded in adjacent members of the cluster is undoubtedly relevant. Numerous cofactors, enhancers, and modifiers are involved 29 and a degree of tissue specificity for some of these elements leads to their typical expression pattern in the lateral plate mesoderm. 30 In a general review of the genesis of Hox gene expression in the mouse, Deschamps and colleagues 3 define a number of cis acting regulatory sequences among which retinoic acid receptor regulatory elements appear to play an important role but with decreasing sensitivity in the ability of retinoic acid to induce the more caudally expressed Hox genes. 1 Many Hox genes contain control elements which bind the mouse homologues of Cad and the cdx genes are thus strong candidates for the regulation of Hox expression. Initial expression of the three mouse cdx genes is in the posterior part of the primitive streak and their transcription might generate a set of expression domains overlapping posteriorly and creating a stepwise gradient of cdx gene products with a posterior maximum. This may be reflected in serial expression of Hox genes in the paraxial mesoderm. 5 The possible involvement of embryonic fibroblast growth factor arises from the observations of Pownall and colleagues 31 and Isaacs and colleagues 32 who showed that Hox gene expression in anteroposterior specification of Xenopus is dependent on a fibroblast growth factor gradient which may activate the Caudal homologue Xcad3.
"When considering gut formation it is necessary to pay attention to the interaction between the endoderm and mesoderm"
When considering gut formation it is necessary to pay attention to the interaction between the endoderm and mesoderm. Each of these layers probably contains positional information prior to the establishment of their topographical juxtaposition which allows "cross talk" between them to be established. That such interactions occur was shown by Le Dourain who established that grafting pharyngeal endodermal anlagen into avian somatopleuric mesenchyme induced the development of oesophagus, stomach, and small intestine at implantation sites. These and other studies by Haffen and colleagues 33 supply evidence in favour of a primary commitment of endoderm in gut differentiation. But there is also evidence that the visceral (splanchnopleuric) layer of the lateral plate mesoderm influences the patterning of the endoderm. Duluc and colleagues 34 found that mouse colonic endoderm combined with small intestinal mesoderm showed small intestine-like differentiation although colonic mesoderm was not able to alter differentiation when combined with small intestinal endoderm. For technical reasons the experiments were performed on 14 day embryonic mouse gut-that is, at a stage when specific transcription factors such as Cdx2 have already had the opportunity of acting to influence endodermal phenotype.
It has been shown that endodermally secreted Sonic hedgehog is also active in (avian) gut development. Using virally mediated transgenesis, Roberts and colleagues 35 36 showed that Sonic hedgehog induced expression of Bmp4 and Hoxd13 in the hindgut mesoderm. Furthermore, when Hoxd13 is mis-expressed in primitive midgut mesoderm there is transformation of the endoderm to the morphology of hindgut, again showing the importance of "cross talk" between the layers.
The Cdx2 "knock out" studies detailed above show that this gene is central to differentiation of midgut endoderm. They lead to the conclusion that decreased levels of Cdx2 expression result in rostralisation of gut differentiation with gastric mucosa constituting the "default" condition in which there is no expression of Cdx2. However, as mentioned above, mesodermal factors may in their turn also influence endodermal differentiation. Cdx1 and 2 levels are higher in endodermal grafts cocultured with A1:F1 mesenchymal cells which support colonic-type morphogenesis than with F1:G9 mesenchymal cells which support small intestine-like differentiation. 37 
38

SUMMARY
Null mutation and gain of function experiments show that genes bearing the homeobox motif are important in gut development. There is good evidence to suggest that determination of endodermal fate provides the initial stimulus for positional values in gut morphogenesis. Pdx1 and Cdx2, members of the so-called Para-Hox cluster, are strong candidates for mediation of this process, at least in specific intestinal regions.
"Genes bearing the homeobox motif are important in gut development"
In the gut, mesenchyme genes of the Nkx and Hox groups appear to be important in regional specification but it is not clear whether their action is permissive or primarily instructive. Indeed, their importance may vary in different gut regions, as exemplified by the role of Hox-d genes in sphincter formation. It is also possible that homeobox gene expression in the mesodemal component of the intestine serves to stabilise information from other sources.
It is obvious that a large variety of genes other than those considered in this review are involved in gut development; the challenge for the future lies in determining their interrelationships and control mechanisms.
